Molecular A-cation dynamics are known to play a role in the electronic properties and structure of hybrid organic-inorganic ABX 3 perovskites such as CH 3 NH 3 PbI 3 .
Introduction
Hybrid organic-inorganic perovskite materials for photovoltaics present a promising avenue toward efficient, inexpensive solar energy conversion. 1 Reaching power conversion efficiencies of nearly 20%, the record-setting perovskites consist of a Pb−I octahedral framework with methylammonium cations (CH 3 NH 3 + ) occupying the A-site. [2] [3] [4] Long electron-hole diffusion lengths, 5, 6 high absorption coefficients, 7, 8 and a 1.6 eV band gap 7, 9 contribute to the remarkable photovoltaic properties of this material.
Establishing structure-property relationships in CH 3 NH 3 PbI 3 has proven challenging due to important entropic contributions arising from PbI 6 octahedral tilting and CH 3 NH 3 + rotational degrees of freedom. At elevated temperature, the PbI 6 octahedra of the inorganic host undergo large tilt-mode oscillations relative to their average positions in the ideal cubic structure, 10 while the molecular cations rotate rapidly. 11, 12 Distortions of the inorganic lattice by halide substitution and octahedral tilting have been shown to influence the band gap and absorption properties. 7, [13] [14] [15] Although the A-cation does not contribute to electronic states near the band gap, [16] [17] [18] it has been shown to affect the nature of the band gap through interaction with the inorganic Pb−I sublattice. 19 Moreover, the dielectric properties of CH 3 NH 3 PbI 3 are linked to both the rotational dynamics and ordering of the molecular A-2 cation and the structural phase transitions of the inorganic Pb−I lattice.
11,20-23
CH 3 NH 3 PbI 3 undergoes a transition from the high-temperature pseudo-cubic aristotype P m3m structure to the tetragonal I4/mcm phase (a 0 a 0 c − tilt system in Glazer notation) 24 at 330 K and then to the orthorhombic P nma phase (a + b − c − tilt system) below 160 K. [25] [26] [27] [28] The transitions associated with A-cation ordering have been the subject of some debate. [11] [12] [13] 20, [29] [30] [31] Nevertheless, recent quasi-elastic neutron scattering experiments indicate that the CH 3 NH 3 + molecules in the cubic phase dynamically disorder and undergo both fast reorientations of the C−N bond axis (≈5 ps at 300 K) and faster on-axis rotations about the C−N bond axis (≈1 ps at 300 K).
11 Some degrees of freedom freeze out upon cooling and only on-axis rotations are observed in the low temperature orthorhombic phase (≈4 ns at 70 K) accompanied by a dramatic loss in dielectric permittivity.
11
Several studies have employed first-principles calculations to reveal the microscopic origins of preferential CH 3 NH 3 + orientations and the interactions between CH 3 NH 3 + and the inorganic Pb−I host lattice. 32, 33 In the orthorhombic phase, energy barriers of ≈100 meV were calculated for on-axis rotations of the staggered configuration of CH 3 NH 3 + due to strong N−H· · · I interactions, suggesting fully ordered A-cations in the low temperature phase. 32 Recently, CH 3 NH 3 + rotations were investigated in the tetragonal phase, and energy barriers of ≈50 and ≈20 meV for on-axis rotation were found depending on the molecular orientation. 33 While past studies have explored the energy of the crystal for a subset of orientations and on-axis rotational degrees of freedom, an understanding of the interactions of the A-cation with the inorganic Pb−I sublattice as a function of all its rotational and translational degrees of freedom remains incomplete.
In this letter, we map out the full energy landscape of CH 3 NH 3 + motion in the cubic inorganic host by accounting for all reorientations of the C−N bond axis, all on-axis rotations about the bond axis, and translations of the molecule from the ideal A-site. [100]
[001]
[010] Orientation of the C−N bond axis is given by n(φ, θ), and on-axis rotations are described by the angle 2α about the bond axis.
4
Methods
Energies associated with molecular rotation were calculated with density functional theory (DFT) as implemented in the Vienna ab initio Simulation Package (VASP) 34,35 using projector augmented wave 34, 36 (PAW) pseudopotentials within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA). 37 Approximate van der Waals corrections were accounted for with the zero damping DFT-D3 method of Grimme. 38 For the cubic aristotype a 6×6×6 k-point mesh centered at the Γ point was employed with a 700 eV plane wave energy cutoff. Energies were converged to within 1 meV/atom with respect to k-point density.
A volume relaxation of the cubic parent phase resulted in an optimized lattice parameter of 6.32 Å which agrees very well with the experimental lattice parameter 6.3286 Å at 343 K.
26
The methylammonium cation geometry and bond lengths were adapted from experimental and computational structures of the orthorhombic phase at 100 K. 28, 32 The final molecular geometry was obtained by relaxing the molecular cation geometrically centered on the cubic perovskite A-site with a staggered H arrangement, and this geometry was fixed throughout all subsequent rigid-body rotations and translations. Crystal structures were visualized using the VESTA program suite.
39

Results and Discussion
We define molecular rotations with respect to a reference configuration where the C−N bond axis is oriented in the [100] direction of the cubic host. As shown in Figure 1 , the rotational degrees of freedom can be described by the axis-angle representation where the polar angle θ and the azimuthal angle φ define an orientation vector for the C−N bond. This vector also serves as a rotation axis, with 2α denoting the rotation angle around the C−N bond.
The inclination of the molecule from the xy plane is given by |θ − π/2| while the azimuthal angle, φ, describes the counterclockwise rotation around the z-axis. For θ = 90
• and φ = 45 To probe the strength and nature of the interactions between the molecular A-cation and the inorganic Pb−I sublattice, we first consider the energy surface associated with the ideal cubic structure with the molecule's geometric center of mass located at the ideal 6 perovskite A-site. The calculated energy surface is shown in Figure 2(a,b) . The minimum energy surface for the centered molecule is constructed by considering the minimum energy on-axis rotation, 2α, of CH 3 NH 3 + at each orientation (θ,φ). In this way, the minimum energy surface for the space of all rigid body rotations is considered at zero translation. Figure 2c reveals a shallow energy surface for the centered molecule in which any reorientation is met by a small energy barrier <11 meV. Thus, the molecular A-cation should tumble freely above room temperature if its position is restricted to the center of the cubic inorganic cage.
However, when translations of CH 3 NH 3 + are taken into account, as shown in Figure 3 [100]
[110]
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(b) (a) We also investigated the electronic band structure as a function of molecular orientation to assess the impact of molecular rotation on the electronic properties of CH 3 NH 3 PbI 3 . It is well known that Pb 6s and I 5p σ-antibonding orbitals form the top of the valence band while Pb 6p and I 5p π-antibonding orbitals contribute to the bottom of the conduction band.
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The calculated atomic orbital contributions to the electronic density of states in Figure 6a confirm the participation of Pb s and I p orbitals in the valence band as well as Pb p and I p orbital contributions to the conduction states. Therefore, the inorganic Pb−I host lattice dictates the electronic properties of the CH 3 NH 3 PbI 3 perovskite. This is verified by the calculated electronic band structures for the three high-symmetry CH 3 NH 3 + orientations in a cubic PbI 3 host shown in Figure 6a . The almost perfectly overlapping band structures in Figure 6a reveal that molecular orientation plays a minimal role in determining the nature of the bands near the band gap.
Pb-containing compounds often exhibit interesting lone pair chemistry which typically manifests in high Born effective charges indicating a tendency for Pb off-centering and the formation of local dipoles. 41, 42 The calculated Born effective charge tensors for the Pb 2+ ions of cubic CH 3 NH 3 PbI 3 is predicted to be nearly isotropic with values of the averaged trace around 4.9 e. Well above the nominal value of +2 e, the high values for the Born effective charges suggest a highly polarizable Pb s-lone pair. Figure 6(b,c,d) , showing the summed partial charge density near the top of the valence bands, reveals the interplay between the molecular dipole and the Pb s-lone pair. As is evident in Figure 6(b,c,d ), the orientation of the A-cation affects the charge density surrounding the Pb atoms. In fact in the cubic perovskite, an asymmetry arises in the Pb valence electron distribution, with the Pb valence states tending to polarize in opposition to the molecular orientation. Due to the periodic boundary conditions imposed in our calculations, it must be recognized that the partial charge density represents that of a crystal with periodically aligned organic cations in a ferro arrangement, where the orientation, translation, and on-axis rotations are repeated periodically throughout the crystal. The presence of such ferroelectric domains at ambient temperature is an intensely debated topic. Several studies [43] [44] [45] suggest that ferroelectric domains exist at room temperature and aid carrier separation through internal electric fields while others 46,47 observe no appreciable macroscopic polarization. While the reported partial charge densities may not represent operating conditions at high-temperatures due to the artificial periodic boundary conditions, in the presence of an applied electric field, CH 3 NH 3 PbI 3 does exhibit macroscopic polarization. 47 In this context, the predicted high Pb 2+ Born effective charges and the sensitivity of the Pb valence charge on molecular orientation suggests that the Pb s-lone pair plays a role in the polarizability and dielectric response of CH 3 NH 3 PbI 3 .
The high-temperature CH 3 NH 3 PbI 3 cubic phase is stabilized by vibrational entropy and translations. The energy landscape as a function of molecular orientation when minimized over translational and on-axis rotational degrees of freedom is highly anisotropic, a property that should be accounted for in meso-scale models of this compound. Translational degrees of freedom are found to be especially important with the equilibrium translations exhibiting a strong dependence on molecular orientation. Molecular reorientation in cubic Pb−I will therefore require substantial rigid translation when following the minimum energy surface.
We also found that the band structure of cubic CH 3 NH 3 PbI 3 is relatively insensitive to the Acation orientation, but can change substantially when the Pb−I host is allowed to relax in response to different configurations of CH 3 NH 3 + . In addition to revealing the nature of the interactions between CH 3 NH 3 + and the inorganic perovskite host, the results of this work set the stage for future statistical mechanics studies relying on effective Hamiltonians to probe the finite temperature vibrational, rotational and translational excitations and their effect on electronic structure in this fascinating class of materials.
